Abstract-The German government has recently decided to phase out all of Germany's nuclear power plants by the end of 2022. This will likely have a sizable impact on the power system of the neighbor countries. The present paper investigates the effects of a nuclear power phase-out in Germany on the steady state operation of the Austrian power system. For the study, a multi-period dc optimal power flow model of the integrated German and Austrian power systems (GAPS) has been developed. The real power system data of Austria is used while the data for the German power system is taken from available literature. The model is used in the case study considering a number of future scenarios in the power generation supply system in both countries. The results from the case study show that the nuclear power phase-out in Germany would lead to an increase in electricity exports from Germany to Austria and an increased usage of coal power between 26 % and 39 % in 2022, whereas the total costs for power generation depend stronger on wind power conditions in the future.
Index Terms-Power generation dispatch, dc optimal power flow, power system economics, nuclear power phase out. The present German power generation is based on nuclear power to a large extent. More than 15 % of the annual power generation was provided by nuclear power plants in 2013 [1] . Today still nine nuclear power plants with a total capacity of 12.7 GW are operating in Germany. The decision of the German government to phase out all nuclear power plants in Germany by 2022 hence has a significant impact on the power system. Also neighbor countries will be affected by the phaseout of nuclear power since they relied on energy exports of Germany.
NOMENCLATURE

Indices
Previous studies already investigated the effects of a phase-out of nuclear power on the German power system. Hoster [2] investigated the consequences of a nuclear power phase-out in Germany by 2005. The study was based on a European multi-regional model, where each country is modeled as one region, without the application of a power flow framework. The study analyzed how the structure of the European electricity generation could have changed by 2005 under a nuclear power phase-out in Germany. The results of the research showed that mainly hard coal and to some extent gas power plants will be used to substitute nuclear power in Germany. Hence CO 2 emissions will increase significantly. Another result was that average generation costs increase on a moderate level and depend on the power trade within Europe.
Other models from [3] , [4] are also focused on dispatch of power plants and the market price without consideration of the power flow framework. The above mentioned models [2] , [3] and [4] use a simplified model of the power system, thus the results do not answer how the power flow changes within Germany and how other countries are affected in detail by a phase-out of nuclear power in Germany.
Simulations of [5] and [6] use a reduced regional model of the power system based on the dc power flow framework but the research focuses mainly on Germany. The aim of those studies is to analyze how the nuclear power phase-out influences the power flow in the German power system. The power system of Austria is not modeled in detail. Further, no assumptions are made for a development of the future power system in [5] and the power exchange between Germany and its neighbor countries is constant in [6] . Thus the above mentioned studies do not allow conclusions concerning the effects of a nuclear power phase-out in Germany on Austria in 2022.
The main contributions of this paper include:
o Development of an integrated multi-period scheduling model including detailed power system model of Austria and Germany.
o Investigations of possible impacts of the nuclear power phase-out in Germany on the Austrian power system. The impacts investigated are on i) power generation and its costs; ii) amount of power exchange between Austria and Germany; iii) power flow in the transmission system; iv) total CO 2 emission in both, Germany and Austria.
The remaining parts of the paper are organized as follows: At first, the methodology and data that is described, with focus on the different scenarios and assumptions in this work. The third chapter includes the mathematical formulation of the model. Results and discussions are presented in the fourth chapter, covering the electricity exchange between Austria and Germany, total cost of electricity generation and changes in electricity generation. Finally a conclusion is presented based on the findings in Chapter four.
II. METHODOLGY AND DATA INPUT
With the developed model, different scenarios with and without nuclear power in Germany in the present power system are simulated. Furthermore, cases with assumptions for the future power grid in 2022 are investigated. An overview of the scenarios and the data applied is given in Table I . The model will be described in detail in Section III. The main model results are power flow on transmission lines, generation at each node from different sources, congestion, locational marginal price and total costs in the system. Results of each scenario are finally compared with each other in order to analyze the electricity exchange between Austria and Germany, the change of the total costs of electricity generation, the change of the electricity generation and CO 2 emissions. Based on those results, conclusions concerning the effects of a nuclear power phase-out in Germany on Austria are developed.
Each of the cases in Table I is independently simulated with three different capacity factors for wind power in order to investigate the dependency of the results on wind power generation. In Table II the wind power capacity factors, which are applied in the model, are listed.
The applied wind capacity factor 3.3 % is the one of the reference day, whereas 20 % and 40 % represent an average and high wind power penetration level. It is assumed in the model that wind power generation is constant over 24 hours in one simulation. In order to develop a realistic model of the power system in 2022 without nuclear power, changes of electricity demand [8], available power plant capacities [9] , [10] and power grid transmission lines [11] , [12] are considered. The 16 th January 2013 is chosen as reference for load data [13] , [14] and power exchange between different countries. Therefore the wind power capacity factor of 3.3 % is the historic value of the reference day. The model is evaluated based on the power exchange between Austria and Germany on this day. (See Fig. 1 ) The correct operation of the model is verified by a comparison of the power exchange between Austria and Germany in the real power system and Scenario A1. Since the trend of the curves real data and A1 is very similar, the model operates properly.
The power system model GAPS uses real grid data obtained from Austrian Power Grid AG (APG) for Austria and public data for the German power system [15] . The GAPS model represents the 380/220 kV network, consists of 352 nodes and simulates 24 hours. A summary of the total power plant capacities in Austria and Germany in Scenario A and C is given in Table III . Power plant capacities for Austria are gained from [16] , [9] and for Germany from [17] , [10] . Power plants which are listed under several fuel sources are assumed to be coal power plants in the model since a detailed information was not found. Biomass for electricity generation in Austria is neglected because the installed capacity is very low in 2013. Hydro power (HP) is divided in run-of-the-river, seasonal storage and pumped storage hydro power in the GAPS model. Export and import from Germany and Austria to their surrounding countries are defined by parameters which are constant in all scenarios and originate from historic values of the reference day [18] . Fixed values for electricity generation from wind power [19] , [14] , run of the river hydro power [20] and solar power [14] are assumed based on historic values of the reference day. The CO 2 emissions for electricity production depend on the fuel type and the efficiency of the power plant type. It is assumed that all power plants of one fuel type have the same CO 2 emissions. Therefore an average value for CO 2 emissions per kilowatt-hour for each fuel type is taken from [21] .
III. MATHEMATICAL FORMULATION OF THE MODEL
This section presents the proposed model for the study. It is based on the multi-period dc optimal power flow framework [22] . The transmission networks of both Germany and Austria are included in the model. The connections to the neighboring countries are represented by equivalents. The objective of the model is to minimize the total operation costs in the system. In the model, constraints for generation capacity, ramp-up and ramp-down limits, transmission line limits, pumped storage hydro power and seasonal storage hydro power are included. The main constraints in the models are presented next.
A. Objective Function
The objective function of the model minimizes the total operation cost in the system and is shown in (1). The total cost includes the generation cost from different conventional generation types and the cost for using pumped storage hydro power.
Variable costs for renewable sources, wind and solar, are set zero and it is assumed that those power plants will always feed in to the power system if they are available. For power generation from pumped storage hydro power just the variable O&M costs have to be considered additionally since the variable fuel costs are already included by the power plant which provides the electricity for pumped storage hydro power. 
B. Constraints
The applied objective function is subject to several constraints.
The basic dc power flower equations [22] including pumped storage hydro power plant are shown by (2). 
The power flow constraint on every transmission line between node i and node j is defined in (3). The maximum limit of the power flow on one transmission line is assumed to be 75 % of the thermal limit of the transmission line to account for the N-1 contingency criteria.
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For the modeling of seasonal storage hydro power (4) is used additionally. A maximum energy generation limit per day is set for the simulation of electricity generation from seasonal storage hydro power. 
For modeling pumped storage hydro power in the system (5) is applied. The nodes in the system have a maximum power capacity per generation type (6) . For simplification the minimum generation capacity is 0 in the model. 
The power plants types n are allowed to increase or decrease their output by ℎ . It is assumed that ℎ is the same for the ramp-up and ramp-down process. (7) and (8) represent the ramp-up and ramp-down constraint in the model. , , ≤ , , ;' + ℎ ∀; , , > 1
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The mathematical formulation of the model has been implemented in General Algebraic Modeling System (GAMS) [23] and is solved using XA Solver [24] .
IV. RESULTS AND DISCUSSIONS
This section presents the main results from the study which highlights the impacts of the nuclear power phase-out in Germany on the Austrian power system.
A. Electricity Exchange between Austria and Germany in different Scenarios
The power exchange between Austria and Germany is varying a lot over one day in different scenarios. Fig. 1 shows the comparison of the power exchange between Austria and Germany for different scenarios. A positive value in Fig. 1 means imports to Austria from Germany, whereas a negative value means export from Austria to Germany. In general, in Scenarios A and B, during night time Austria imports electricity from Germany whereas an export from Austria to Germany is more likely at day time because of the hydro power storage capacities in Austria. The Cases C show how the electricity exchange is in the scenarios with a phase-out of nuclear power in 2022. The export from Austria strongly decreases between the hours 7 to 19 in Cases C compared to the results of the Cases A and B. Although nuclear power is phased out in 2022 Austria imports more electricity from Germany during day time because of a lower usage of pumped storage hydro power and a higher wind power penetration in Germany. 
B. Total Costs of Electricity Generation
A comparison of the total costs of each scenario is made in Fig. 2 . More wind power in the system always decreases total costs because the variable costs are set zero for this source.
The Cases B, without new generation capacities in the system, lead to high costs because natural gas is used often to substitute generation from nuclear power. In Cases C more coal power capacity is available to substitute nuclear power this keeps the total costs lower than in the Scenarios B. As a result of more installed wind power capacity in 2022 (Cases C) the variations of total cost of electricity generation increase between different wind conditions in 2022. Thus the total costs are more sensitive to wind power generation in the future. 
C. Electricity Generation
In total nine scenarios are simulated and for each Scenario a power generation profile is created that shows which source is applied at which hour. Fig. 3 shows the power generation curve for the Case C2 where nuclear power is phased-out. During the night period coal power is on the margin and at day time natural gas is additionally applied to satisfy the demand in the power system. The electricity generation for Austria in Cases A and C are shown in Table IV . A large amount of electricity is generated by hydro power plants in Austria. The installed coal power capacity is always used to full extent in Cases A and C because of the low electricity generation costs of coal power plants. Therefore an increase of wind power in the system reduces mainly the application of natural gas power plants in Austria. If nuclear power is phased out, Cases C, more natural gas power will be used in Austria. How much more natural gas is used depends on the wind conditions in 2022. Table V shows changes in electricity generation in Austria and Germany in Scenarios C compared to A. The most significant result is the increases of coal power by 39 % in Scenario C1 and C2 compared to A1 and A2. In Austria more natural gas is used after the phase-out of nuclear power in Germany. The changes of electricity generation in Case C are caused by the phase-out of nuclear power in Germany, an increased demand and new power plant capacities in the system. In the power system in 2022 with no nuclear power (Cases C) much more wind power capacity is installed hence the generation from wind power increases significantly. Also a strong increase of coal power can be noticed under all different wind conditions in the system in 2022. Additionally, more natural gas is used in the total system compared to the Cases A. In Austria natural gas power will increase between 10.2 % and 46 % depending on the wind power generation in the system. A significant reduction of the application of pumped storage hydro power can also be noticed because natural gas is more often on the margin during low wind condition. Thus, hours of a cost effective storage operation of pumped storage hydro power plants are less. Figure 4 shows the CO 2 emissions for the different scenarios for the total system and Austria separated. In Scenarios C1 and C2, with no nuclear power in 2022, the CO 2 emissions are much higher because nuclear power is substituted with natural gas and coal power. Only in Scenario C3 are the total CO 2 emission on a similar level as in the Cases A because of the high wind power penetration in Case C3. Scenarios B simulate the CO 2 emissions in the present power system without nuclear power generation in Germany. In these cases CO 2 emissions in Austria are strongly affected by a nuclear power phase-out because no new power plant capacities are available in the Scenarios B and more natural gas power in Austria and Germany is used to satisfy the demand. In 2022, Cases C, the emissions in Germany increase stronger than in Austria because in Germany are more new coal power plants used to substitute the electricity generation from nuclear. The total costs of electricity generation will become more sensitive to wind power generation but the total cost increase is moderate after a phase-out of nuclear power because of a higher demand and wind power generation in 2022. In total between 26 % and 39 % more coal and natural gas power is used to substitute the phase-out of nuclear power. The power exchange between Germany and Austria changes considerably in 2022 compared to the results for Cases A. In the daytime Austria will import more electricity from Germany.
D. Change of Electricty Generation
E. CO 2 Emissions
The scenarios for the future power system show a strong increase of CO 2 emissions in Austria and Germany. The assumptions for the future scenarios consider an increased demand but also the construction of new renewable and fossil power plants which replace the nuclear power plants in Germany. However, additional measurements will be necessary to avoid an increase of CO 2 -emissions in Germany and Austria.
For future work different seasons can be implemented in the developed model to investigate the impact of solar power on a nuclear power phase-out in Germany and the extent to which solar power could substitute nuclear power to avoid an increase of CO 2 -emissions in the future. 
